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SUMMARY 

A l i n e a r ,  i n v i s c i d , s u b s o n i c  compressible f low theory  is formulated f o r  
p r e d i c t i n g  t h e  aerodynamic c h a r a c t e r i s t i c s  o f  upper-surface-blowing 
configurat ,ons.  The e f f e c t  of t h e  t h i c k  j e t  is represent2d by a  two-vortex- 
s h e e t  model i n  o r d e r  t o  account f o r  t h e  Mach number nonuniformity.  The wing 
loading w i t h  t h e  j e t  i n t e r a c t i o n  e f f e c t s  i s  computed by s a t i s f y i n g  boundary 
cond i t ions  on t h e  wing and t h e  j e t  s u r f a c e s .  The v o r t e x  model i s  discussed 
, in  d e t a i l .  

INTRODUCTION 

I n  upper-surface-blowing (62B)  c o n f i g u r a t i o n s ,  t h e  low-pressure-rat io 
j e t  from high by-pass r a t i o  tu rbofan  engines  blows d i r e c t l y  on t h e  wing 
upper s u r f a c e .  A s  the  j e t  i s  r e l a t i v e l y  t h i c k ,  being of t h e  o r d e r  of 10% 
of t h e  l o c a l  chord, t h e  convent ional  t h i n  j e t  f l a p  theory  has  been found t o  
be inadequate  t o  p r e d i c t  t h e  h igh l i f t  ( r e f .  1 ) .  T h i s  means t h a t  a d d i t i o n a l  
l i f t  may come from the  i n t e r a c t i o n  between t h e  wing flow and t h e  t h i c k  j e t  
which h a s  h igher  dynamic p r e s s u r e  than  t h e  f rees t ream.  Of course ,  t h e  j e t  
entrainment w i l l  i n c r e a s e  t h e  l i f t  a l s o ,  mainly through producing t h e  Coanda 
ef f  ecc .  

I n  t h i s  paper ,  a  t h e o r e t i c a l  method w i l l  be  desc r ibed  f o r  p r e d i c t i n g  
t h e  i n t e r a c t i o n  e f f e c t s  due t o  nonuniformity i n  Mach numbers and dynamic 
p r e s s u r e s  i n  t h e  flow f i e l d .  The i n v i s c i d ,  l i n e a r ,  subsonic  compressible 
flow theory is  assumed. 

SYMBOLS 

C~ 
t o t a l  l i f t  c o e f f i c i e n t  ( c i r c u l a t i o n  l i f t  p l u s  j e t  r e a c t i o n  l i f t )  
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difference in lift coefficients with jet on and off 

jet induced circulation lift coefficient 

jet momentum coefficient 

local chord length, m(ft) 

length of trailing jet included in the analysis, m(ft) 

number of integration points or Mach number 

number of chrodwise integration points 

number of streamwise vortices on the trailing jet 

unit vector normal to jet surface 

radius of curvature, m(ft) 

coordinate tangential to the jet surface 

= PO/ pj 

jet thickness, m(ft) 

nondimensional backwash 

velocity, m/sec (ftlsec) 

rectangular coordinates, with x positive downstream, y positive spanwise- 
to the right and z positive upward 

angle of attack, deg. 

nondimensional vortex density 

flap angle, deg. 

jet-deflection angle, deg. 

= p COB n 

density, kg/m3 (slugs/f t 3, 

velocity potential, mk/sec(f t2/sec) 

nondimensional additional perturbation velocity potential 



Subscr ip t s :  

c  chordwise 

j j e t f l o w  

o  o u t e r f l o w  

s spanwise 

w wing 

. f rees t ream 

METHOD OF ANALYSIS 

Formulation of t h e  Problem 

The p e r t u r b a t i o n  flow f i e l d s  i n s i d e  and o u t s i d e  t h e  j e t  a r e  assumed t o  
be  governed by t h e  Prandt i -Glauer t  equa t ions  w i t h  Mj  and %, r e s p e c t i v e l y .  
The s o l u t i o n s  of these  equa t ions  must s a t i s f y  t h e  boundary cond i t ions  t h a t  
t h e  j e t  s u r f a c e  is a  s t ream s u r f a c e  and t h e  s t a t i c  p r e s s u r e  must be con- 
t inuous  a c r o s s  i t ,  i n  a d d i t i o n  t o  t h e  u s u a l  wing tangency cond i t ion .  I n  t h e  
l i n e a r  theory,  t h e s e  cond i t ions  can be  w r i t t e n  a s  ( r e f . 1 )  

- - -b -b a+, a + j  -vW.n(l-p ')  ( j e t  s t ream s u r f a c e  cond i t ion)  (1) 

( j e t  s t a t i c  p r e s s u r e  c o n t i n u i t y )  (2 )  

- 
34, azc 
I -  t a n  a 
az 

(wing tangency) 
ax 

where 

T = P o I P j  

and To and Tj a r e  r e l a t e d  t o  t h e  dimensional  v e l o c i t y  p o t e n t i a l s  oo an.i m j  a s  

S ince  t h e  above problem is l i n e a r ,  i t  can be decomposed i n t o  a  wing-alone - 
case  wi th  p o t e n t i a l  9w and t h e  i n t e r a c t i o n  case  wi th  a d d i t i o n a l  p o t e n t i a l  $. 
Let  - - 

4o = owo (W + $0 (4,) ( 6 )  
- - 
oj  o w j  M + $ j  ( 4 )  (7 )  
- 

where ow, and qwj s a t i s f y  t h e  Prandt l -Glauer t  equa t ions  wi th  r e s p e c t i v e  

Mach numbers and the  fo l lowing boundary c o n d i t i o n s  



- 
a s w j  azc 

( M j )  az = ax - t a n  a 

S u b s t i t u t i o n  of equa t ions  (6) - (7 )  i n t o  equa t ions  (1)-(3) g i v e s  

The above equat ions  i n d i c a t e  t h a t  t h e r e  a r e  jumps i n  normal v e l o c i t i e s  and 
t a n g e n t i a l  v e l o c i t i e s  a c r o s s  t h e  j e t  s u r f a c e .  I f  t h e r e  Is no j e t  ( i . e . ,  w 1 = 1 ,  
M, = M j  and T = l ) ,  t h e s e  equa t ions  show t h a t  t h e  a d d i t i o n a l  p e r t u r b a t i o i ~  
p o t e n t i a l s  w i l l  be  au tomat ica l ly  zero.  

Vortex Model 

I n  o r d e r  t o  s a t i s f y  equa t ions  (10)-(11) s imul taneously ,  two v o r t e x  
s h e e t s  a r e  in t roduced on t h e  j e t  s u r f a c e .  These vor tex  d i s t r i b u t i o n s  w5l l  in-  
duce normal and t a n g e n t i a l  v e l o c i t i e s  i n  t h e  f l c s  f i e l d .  To e v a l u a t e  t h e s e  
induced v e l o c i t i e s  on t h e  boundaries s o  t h a t  boundary cond i t ions ,equa t ions  
(10)-(121,can be s a t i s f i e d ,  t h e  'nduced vf ' o c i t y  i n t e g r a l s  a r e  reduced t o  
f i n i t e  sums through t h e  Quasi Vortex-Latt ice Method (Quasi VLM) ( r e f .  2) .  
The r e s u l t i n g  d i s c r e t i z e d  v o r t e x  arrangement is  a s  shown i n  f i g .  1. Note t h a t  
t h e  wing v o r t i c e s  d i r e c t l y  below t h e  j e t  s u r f a c e  a r e  ar ranged s o  t h a t  they 
co inc ide  wi th  t h e  jet v o r t i c e s  i n  l o c a t i o n .  Furthermore, t h e  shaded region 
r e p r e s e n t s  p a r t  of t h e  n a c e l l e .  Sincc  t h e  p r e s e n t  computer program does not  
inc lude  t h e  n a c e l l e  model, s p e c i a l  c a r e  must be exerc i sed  i n  t h i s  r eg ion .  I f  
vor tex  r e p r e s e n t a t i o n  of t h e  j e t  s t a r t s  from t h e  e x i t ,  i n s t e a d  of t h e  l e a d i n g  
edge,  i t  has  been found t h a t  t h e  j e t  would induce a leading-edge type loading 
i n  t h e  middle of t h e  wing. Therefore ,  t h e  vor tex  d i s t r i b u t i o n  must be extend- 
ed t o  t h e  wing l ead ing  edge, bu t  w i t h  f rees t ream c o n d i t i o ~ s  assumed i n  t h e  
n a c e l l e  r eg ion  i n  t h e  computation. 

With t h e  vor tex  arrangement made, t h e  requ i red  induced v e l o c j t i e s  can be 
computed sad  s u b s t i t u t e d  i n t o  equa t ions  (10)-(12) f o r  t h e  s o l u t i o n  of unknow. 
vor tex  s t r e n g t h s .  These equa t ions  a r e  s a t i s f i e d  only  a t  a d i s c r e t e  number of 
c o n t r o l  p o i n t s  which a r e  chosen according t o  t h e  "semi-c i rc le  method" as de- 
s c r i b e d  i n  t h e  Quasi  VLM ( r e f .  2 ) .  These c a l c u l a t i o n s  a r e  mostly s t r a i g h t f o r -  
ward, except  i n  computing t h e  induced t a n g e n t i a l  v e l o c i t l e s  ( i . e . ,  backwash) 
and r e p r e s e n t i n g  t h e  j e t  f l a p  e f f e c t .  These w i l l  be d i scussed  below. 



Computation of Induced Tangen t i a l  V e l o c i t i e s  

The induced t a n g e n t i a l  v e l o c i t i e s  on t h e  j e t  s u r f a c e  a r e  needed t o  s a t -  
i s f y  equa t ion  (11) .  A t  any c o n t r o l  p o i n t ,  t h e  induced t a n g e n t i a l  v e l o c i t y  dr  
t o  t h e  j e t  v o r t e x  d i s t r i b u t i o n  i n  i t s  neighborhood is simply equa l  t o  t h e  
vor tex  d e n s i t y  at t h a t  c o n t r o l  p o i n t .  S ince  t h e  vor tex  d e n s i t y  a t  t h e  c o n t r o l  
po in t  does no t  appear i n  t h e  formulat ion,  it is necessary  t o  express  i t  i n  
terms of those  a t  t h e  v o r t e x  p o i n t s  through i n t e r p o l a t i o n ,  such a s  Lagrangian . i n t e r p o l a t i o n .  However, t h e  c o n t r i b u t i o n  from those  v o r t i c e s  no t  on t h e  same 

plane w i t h  t h e  c o n t r o l  point  can n o t  be  a c c u r a t e l y  computed i n  t h e  u s u a l  man- 
ne r  a s  i n  computing tile induced normal v e l o c i t i e s .  To i l l u s t r a t e ,  cons ide r  t h e  
backwash express ion  i n  tile two-dimensional flow: 

A s  + 0,  t h e i n t e g r a n d o f  equat ion (13) w i l l  have a  second-order s i n g u l a r i t y .  
The usua l  method is not  a c c u r a t e  i n  t r e a t i n g  such s i n g u l a r i t y .  Therefore ,  
equat ion (13) should b e  r e w r i t t e n  a s  

u ( ~ , = )  = -% J1 &:wz dx* + 
dx' 

2n 0 (x-x ) + z 0 ! x - x ' ) ~ T ~ -  

and 
M = 2 P ~  

f o r  i n t e r d i g i t a t i o n  between t h e  c o n t r o l  and i n t e g r a t i o n  p o i n t s  i n  t h e  l a s t  
summation and p  is  an a r b i t r a r y  i n t e g e r  g r e a t e r  than 1. 

I n  t h e  implementation of equa t ion  (14a) i n  t h e  p r e s e n t  computer program, 
i t  is assumed t h a t  M=8N i f  N>6 and M=16N i f  N <  6 .  To compute t h e  t a n g e n t i a l  
v e l o c i t y  a t  a  , e t  c o n t r o l  p o i n t  due t o  wing v o r t i c e s ,  equa t ion  (14a) i s  ap- 
p l i e d  t o  t h r e e  wing v o r t e x  s t r i p s  i n  t h e  immediate neighborhood of t h e  c o n t r o l  
p o i n t .  Th i s  is i n d i c a t e d  i n  f i g .  2 .  On t h e  o t h e r  hand, i f  t h e  c o n t r o l  po in t  
i s  on t h e  j e t  upper s u r f a c e ,  t h e  e f f e c t  due t o  a l l  v o r t i c e s  on t h e  j e t  lower 
s u r f a c e  i n  t h e  same streamwise s e c t i o n  is computed wi th  equa t ion  (14a).  
S imi la r  p r i n c i p l e  is a p p l i c a b l e  i f  t h e  c o n t r o l  po in t  i s  on t h e  lower s u r f a c e .  
This  i s  i l l u s t r a t e d  i n  f i g .  3.  The accuracy of equa t ion  (14a) has been 
i l l u s t r a t e d  i n  r e f .  3 .  



r' 

Incorporat ion of J e t  Flap E f f e c t  i n  Thick J e t  Tneory 

Due t o  Coanda e f f e c t ,  t h e  USB j e t  w i l l  fo l low t h e  wing s u r f a c e  and 1c.ave 
t h e  wing t r a i l i n g  edge a t  an a n g l e  r e l a t i v e  t o  t h e  chgrd tq produce t h e  j e t  
f l a p  e f f e c t .  This is t o  produce varying but  unknown Vm n i n  equat ion (10) . . 
along t h e  t r a i l i n g  j e t .  - ?: > 

I - 

Since 

-+ -* 
Vw. n - = - -  :E + t a n  a , 
if 1 

w 

d z i t  is necessary  t o  r e l a t e  - - t o  t h e  unknown j e t  v o r t e x  dens i ty .  A s  shown i n  
dx f i g .  4 ,  t h e  i r r o t a t i o n a l i t y  of t h e  j e t  flow impl ies  t h a t  

where t h e  s u b s c r i p t s  1 and 2 denote  t h e  upper and t h e  lower j e t  s u r f a c e s ,  
r e s p e c t i v e l y ,  a t  t h e  s e c t i o n  under constderat2on.  Equations (16)-(17) g ive  
t h e  following i n i t i a l  va lue  problem f o r  determining : 

dx 

To i n t e g r a t e  t h e  above problem f o r  dZ , a f i n i t e  jet l eng th  C j  is First chosen 
dx 

( I t  i s  n e t  necessary t o  inc lude  i n f i n i t e  length  of j e t  I n  t h e  numerical  



method a s  f a r  a s  t h e  wing loading is concerned).  Then l e t  

C 
+ 2 ( 1  - cos  0) X ' xt .e ,  

It fol lows t h a t  

dz  1 s i n  0 f (e ,y )  - (-1 = * t j  dB dx 

and a f t e r  i n t e g r a t i o n  once, 
- e, 

dz by t r a p e z o i d a l  r u l e .  With 
a$o f  (8 ,y)  and hence,  - through 

determined by equat ion (20) i n  terms of 

equa t ion  (16) ,  i t  is  p o s s i b l e  t o  incorpora te  
2s 

- 

t h e s e  terms wi th  unknown v o r t e x  d e n s i t i e s  t o  t h e  l e f t  hand s i d e  of 
equa t ion  (10) b e f o r e  equa t ions  (10)-(12) a r e  s o l ~ e d .  

Note t h a t  equat ions  (10)-(12) a r e  solved by t h e  v e c t o r  method of P u r z e l l  
( r e f .  4 )  which processes  row by row of t h e  augmented mat r ix  i n  s o l v i n g  t h e  
equat ions .  Since  t h e  t a n g e n t i a l  v e l o c i t i e s  a r e  needed i n  equa t ion  (10) wi th  
t h e  j e t  f l a p  e f f e c t  (see  equa t ion  l 6 ) ,  equa t ion  (11) must be processed f i r s t  
wi th  t h e  t a n g e n t i a l  v e l o c i t i e s  computed t h e r e  s t o r e d  on f i l e  b e f o r e  
equat ion (10j  can be solved.  

SOME NUMERICAL RESULTS 

Before t h e  method can be a p p l i e d  t o  any c o n f i g u r a t i o n s ,  i t  is  important  
t o  know how t h e  d i s c r e t i z e d  v o r t i c e s  should be ar ranged t o  produce r e l i a b l e  
r e s u l t s .  I n  the  fo l lowing,  some convergence s tudy  wi th  r e s p e c t  t o  t h e  vor tex  
arrangement f o r  t h e  c o n i i g u r a t i o n  used by Phelps,  e t  a l .  ( r e f .  5) w i l l  be pre- 
sented.  Fig .  5 shows the  e f f e c t s  of number c f  v o r t i c e s  on t h e  t r a i l i n g  j e t  
wi th  C j  = l c  and 2c. I t  is seep t h a t  6  v o r t i c e s  (NJ = 6) wi th  C j  = l c  appear 
t o  be sufficient i n  a p p l i - a t i o n s .  I f  Cj is increased t o  2c ,  more v o r t i c s s  
would be  needed t o  provide  convergence. Fig.  6 i n d i c a t e s  the  rap id  convergence 
of LCLr v i t h  respec t  t o  t h e  n ~ m b e r  of wing spanwise vor tex  s t r i p s .  

The above method is now app l i ed  t o  the  c o n f i g u r a t i o n  of r e f .  5  wi th  30° 
f u l l  span f l a p .  The j e t - d e f l e c t i o n  ang le  is  taken t o  be t h e  ang le  of f l a p  
extension r e l a t i v e  t o  t h e  chord l i n e .  I t  is found t o  bc 4 6 . 7 " .  The CL va lues  
were computed by adding p red ic ted  ACL t o  the  experimer, tal  j e t -o f f  CL. The re-  
s u l t s  a r e  shown i n  f i g .  7 .  The p red ic ted  va lues  a r e  s l i g h t l y  h igher  poss ibly  
because the  es t imated j e t  angle  was too high.  O n  t h e  o t h e r  k,and, t h e  t h i n  je t  
f l a p  theory by t h e  p resen t  method ( r e f .  1) would underes t imste  t h e  l i f t .  



To illustrate the importance of improved tangential velocity evaluation 
(see equation 14a), the configuration of ref. 6 with 6f = 20° and 40° is 
used in fig. 8. It is seen that without the improved integration technique, 
the predicted lift would be too high. 

CONCLUDING REMARKS 

A vortex model for the USB jet-wing interaction has been described. The 
model consists of using two vortex sheets on the jet surface to account for 
Mach number nonuniformitv and differences in jet and freestream dynamic 
pressures. The rate of numerical convergence with respect to the number of 
vortices used appeared to be reasonably rapid. Comparison of the predicted 
results with some available data showed much better cgreemenl than the thin 
jet flap theory. 
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Figure 1.- Vortex model for computing jet-interaction e f f e c t s .  

0 JET CONTROL 

'7'--" 
Figure 2 . -  Region (shaded area) of wing vortex s t r i p s  subject to  improved 

integration procedure of equation (14a) for computing u-velocity a t  a 
j e t  control point. 
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Figure 3.- Region (shaded area) of jet vortex strips on the lower surface 
subject to improved integration procedure of equation (14a) for com- 
puting u-velocity at a jet control point. 

Figure 4.- Geometry of a jet cross section 
for formulating jet flow irrotationality 
condition. 



Figure 5.- Effect of number of trailing jet vortices on predicted lift. 
C = 0.8 x 2.095; a = 5"; 6f = 30°; 6j 

1-1 
= 46.7O; Nc = 6; Ns = 9. 

Figure 6.- Effect of number of wing vortex strips on predicted lift. 
c = 0.8 x 2.095; a = 5"; 6, = 30°; 6 - 46.7O; 

j N~ 
= 6; C = lc. 

lJ j 



EXPERIMENT (REF. 5 )  
PRESENT THEORY - THICK JET 

- - - THIN JET FLAP  

0 
0 
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4 6 8 
a DEG. 

10 

Figure 7.- Comparison of predicted lift curves with experimental data of 
ref. 4. C = 0.8 x2.095. 
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0 EXPERIMENT (REEG) 
PRESENT THEORY - WITH IMPROVED 

INTEGRATION 
- --  WITHOUT IMPROVED 

INTEGRATION 

Figure 8.- Effect of backwash evaluation on predicted lift. C = 2. v 




